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INTRODUCTION
According to the WHO, cardiovascular disease and diabetes are the leading causes of mortality in adults between the ages of 30 and 70 years, resulting in 245 deaths per 100 000 population whereas chronic respiratory conditions come third after cancer at a rate of 52 deaths per 100 000 population [1] . Incidence of these conditions is expected to increase, as the prevalence of risk factors (i.e. raised fasting blood glucose, high blood pressure, obesity and smoking) remains at alarming high numbers worldwide [1] . Additionally, life expectancy is growing, and it is anticipated that by the year 2050 at least 16% of the world's population will be at least 65 years old [2] .
The common clinical pathway leading to mortality for the majority of patients is the irreversible process of end-stage organ failure. In the USA, more than 5 million adults suffer from heart failure, with approximately 670 000 new cases diagnosed annually, resulting in more than 56 000 deaths [3] ; chronic obstructive pulmonary disease affects nearly 13 million Americans, resulting in 135 000 deaths annually [4] ; an estimated 3.5-5.3 million Americans are chronically infected with hepatitis B or C [5] ; additionally, ESRD is prevalent in nearly 600 000 persons, with 65% of these cases needing hemodialysis and more than 100 000 new cases reported annually [6] . End-stage organ failure greatly impacts quality of life and represents a huge burden to society as it impairs the performance of daily activities, affects employment and increases healthcare expenditure.
The only definitive treatment for patients suffering from end-stage organ failure is organ transplantation. As of 2013, more than 54 000 patients are waiting for a kidney, 12 000 for a liver, 2200 for a heart and 1300 for a lung transplant [7] . The situation is worrisome given that donors are scarce: only over 17 000 kidney, 6000 liver, 1900 heart and 1800 lung transplants are performed annually in the USA [7] . Additionally, current transplant recipients face life-long challenges with immunosuppression and rejection.
The quest for alternatives to allogeneic organ transplantation is gaining traction in an attempt to overcome donor shortage and problems related to chronic immunosuppression. Particularly, the fields of tissue engineering and regenerative medicine have increased their efforts to find the methods and techniques necessary to develop functional replacement tissues of clinical relevance. So far, success has been achieved regenerating tissue substitutes with rather 'simple' architectures such as flat two-dimensional or hollow tubular and nontubular structures using the extracellular matrix as a biological scaffold [8] , some of which have reached clinical applications [9] [10] [11] . However, the regeneration of complex functional solid organs such as the heart, lungs, kidney, liver and pancreas remains the main challenge and goal. Recent years have seen progress and innovation in this area, as regeneration of functionally rudimentary solid organs has been achieved in small animal models using decellularized whole-organ scaffolds as a substrate [12-14,15 & ,16] . Here, we attempt to summarize recent advances in the use of decellularized scaffolds to bioengineer functional organs.
USE OF PERFUSION-DECELLULARIZATION TO OBTAIN WHOLE ORGAN SCAFFOLDS
The process of decellularization entails the isolation of the extracellular matrix (ECM) from any given tissue with minimal loss, damage or disruption, while maximizing the removal of cellular material. This can be achieved by the combined application of physical, chemical and enzymatic methods [17] . Specific methods include agitation in solution, thermal shock (i.e. freeze-thaw cycles), ultrasound, hydrostatic pressure, convective flow and manual disruption [17] . A very promising and consistent technique that can be applied to any cadaveric solid organ is perfusion-decellularization, which we first described in 2008 [12] . On the account of a preserved and relatively healthy vasculature, this method uses perfusion via the intrinsic vascular network as the most efficient way to deliver decellularizing agents, even to thick tissues, as it greatly decreases the diffusion distance of the decellularizing agent while preserving the three-dimensional macroarchitecture and microarchitecture ( Fig. 1 ). Applying this same concept, other plausible routes for the delivery of decellularizing agents are the airways in the lungs, biliary ducts in the liver and the ureter in the kidney [17] . Nonetheless, there exists a great variability in currently used perfusiondecellularization protocols, as most of them have been developed from anecdotal experience. Different types and combinations of decellularizing agents (e.g. detergents, osmotically active solutions, nucleases) with different exposure times, as well as widely varying perfusion pressure targets have been described, which in most cases make direct comparisons between methods difficult [18 & ]. Even though alternative decellularization methods have been explored, no direct comparison to perfusion-decellularization has been performed. When translating the decellularization process to human scale whole organs, it appears that perfusion-based techniques may provide a more even distribution of decellularizing agents and avoid overexposure of outer layers, whereas deeper parts of the organ remain cellular. In our experience, we favor the use of perfusion-decellularization at constant low physiological pressures as it decreases the chances of ECM damage due to excessive
KEY POINTS
New technologies for organ replacement in patients with end-stage organ failure are needed to overcome the difficulties encountered with allogeneic organ transplantation, namely, donor shortage and life-long immunosuppression.
Decellularized whole-organ scaffolds can be obtained from virtually any organ in the body, while preserving the specific microarchitecture of the extracellular matrix. These scaffolds serve as a great platform for organ bioengineering as the preserve the organ's threedimensional blueprint.
The use of human pluripotent stem cells extracted from the patient needing organ replacement holds great promise to repopulate decellularized scaffolds in order to bioengineer functional organs.
Bioengineered organs have been successfully created in the laboratory and transplanted in small animal models; however, these regenerated organs have showed only rudimentary function.
The creation of a fully functional solid organ remains on the horizon of the tissue engineering and regenerative medicine fields. mechanical forces while maximizing the delivery of decellularizing agents.
USE OF DECELLULARIZED SCAFFOLDS IN WHOLE ORGAN BIOENGINEERING
Research in the use of decellularized scaffolds for organ bioengineering has focused on organs such as the heart, lungs, kidney, liver and pancreas. Here, we present a review of some of the advances made over the recent years, emphasizing on the methods of decellularization, scaffold properties, recellularization techniques and functional results.
Advances in heart bioengineering
The first report on the use of perfusion-decellularized ECM scaffolds to bioengineer a whole heart was published in 2008 [12] . The use of antegrade coronary perfusion of sodium dodecyl sulfate (SDS), by means of retrograde aortic cannulation, proved to be superior to other agents for the full removal of cellular components in a rat model. DNA content in the decellularized scaffolds was reduced to less than 4%, whereas glycosaminoglycans (GAGs), collagen I and III, laminin and fibronectin remained within the matrix [12] and vascular basal membranes were preserved. Detailed protocols for whole-heart decellularization have been published ever since in an attempt to standardize this process [19] . Recent years have seen the application of similar methods to hearts derived from large animals, specially pig hearts, in an attempt to scale up the decellularization process to obtain scaffolds of clinical relevance to humans [20] [21] [22] .
A direct comparison of heart decellularization protocols was reported in 2011 using rats [23] . Results showed that protocols differ in the capacity to remove cellular debris and produce heterogeneous scaffolds in terms of architecture and retained ECM components [23] . However, in spite of these differences, there was no significant cytotoxicity or impact on scaffold repopulation between tested protocols.
Mechanical testing of decellularized heart tissue has shown increased stiffness consistent with densification, unchanged mechanical anisotropy and unchanged variation in tissue properties after decellularization [12, 24] . Furthermore, the use of multiphoton microscopy combined with image 
Perfusion-decellularization is a valid method to obtain whole-organ scaffolds as a platform to bioengineer functional organs. (a) Concept of organ bioengineering based on decellularized whole-organ scaffolds. Organs are harvested from donors and undergo the process of decellularization yielding a cellular scaffolds composed of extracellular matrix that preserves the macroarchitecture and microarchitecture of the original organ. Decellularized scaffolds are then repopulated with regenerative cells (e.g. stem cells) and placed under biomimetic in-vitro culture conditions inside a bioreactor. After this period of culture, the bioengineered organ can then be transplanted to supplement or completely replace the function of a failing organ in the recipient. (b) Schematic representation of the perfusion-decellularization process. The main artery supplying the organ is cannulated and decellularizing agents (e.g. detergents, enzymes) are delivered through the vasculature under pressure with the help of a pump system. The decellularizing agent reaches all the tissue with the minimal diffusion distance possible thanks to its distribution throughout the organ's capillary network. Decellularizing agents then provoke the lysis, detachment or digestion of cellular elements in the tissues. Cellular debris is then removed from the tissue via the venous system, leaving behind the extracellular matrix scaffold composed of collagen, elastin, laminin, fibronectin, glycosaminoglycans and other elements, that preserves key micro-architectural components such as basement membranes.
correlation spectroscopy has been proposed as a noninvasive method to predict the mechanical properties of decellularized heart tissue [25 & ]. Other imaging techniques, such as transmission electron microscopy, cryo-electron tomography and atomic force microscopy are gaining attention in the evaluation of cardiac ECM [26] .
In terms of regeneration of whole hearts, in the first publication [12] , decellularized heart scaffolds were seeded with freshly isolated neonatal cardiomyocytes through intramural injection and placed in a bioreactor providing pulsatile antegrade heart perfusion and electrical stimulation. The heart constructs showed electric and contractile responses after 8 days in culture. Achieved contractile force was approximately 2% of the adult rat heart. The coronary vessels as well as the ventricular cavities were successfully re-endothelialized with rat aortic endothelial cells. Others [27] , have repopulated scaffolds with human embryonic stem cells (hESCs) and hMECs delivered through coronary perfusion. Cells differentiated from both hESCs and hMECs expressed cardiac markers such as cTnT and Nkx2.5 similarly, while there was differential expression of myosin heavy and light chains. Also, there were CD31 þ cells, indicating that some stem cells had differentiated into vascular endothelial cells.
Recently, decellularized mouse hearts were repopulated with human induced pluripotent stem cell (iPSC)-derived multipotent cardiovascular progenitors [28 && ]. Heart constructs exhibited spontaneous contractions at a rate of 40-50 beats per minute after 20 days. Electrocardiography showed irregular wave morphology, indicating the lack of a conduction system. However, the constructs showed intracellular calcium transients and responded to pharmacologic stimulation (i.e. beta-adrenergic agonism, selective blockade delayed rectifying K þ current and increased extracellular calcium concentrations). Mechanically, these constructs exhibited a contraction force of 0.18 mN when paced at 1 Hz.
The use of bioreactors that provide biomechanical stimulation during culture of repopulated heart constructs is desirable as it aids in cell proliferation, differentiation and electrical coupling [29] . The application of three-dimensional left ventricular stretch with an inflatable latex balloon inserted into decellularized rodent hearts results in improved cellular three-dimensional spatial orientation and alignment [30] .
Advances in lung bioengineering
The first reports on lung bioengineering were published in 2010 [13, 31] , with follow up reports in 2011 and 2013 using decellularized rat lung scaffolds obtained by means of perfusiondecellularization. One group used a 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS)-based protocol [31] whereas the other used 0.1% SDS and Triton X-100 [13, 14] . These methods did not compromise the architecture of the airways or vasculature. DNA content was decreased to approximately 1-3% [13, 14, 31] , while there was depletion of MHC-I and MHC-II markers [31] . Immunostaining demonstrated preservation of collagen, elastin and laminin in the matrices while a significant proportion of GAGs was lost [13, 31] . Multiple other lung decellularization protocols have been published using different combinations of sodium deoxycholate, Triton X-100, NaCl and DNase [18 & ,32,33] . The delivery of decellularizing agents through the trachea apparently reduces decellularization times [34] . There are only few reports on the direct comparison of different decellularizing agents. For example, SDS-based protocols lead to a greater loss of collagen and decline in mechanical strength and elastic function when compared with a CHAPS-based protocol in one study [35] . The comparison of three protocols (Triton-X100/ sodium deoxycholate vs. SDS vs. CHAPS) showed significant differences in the retention of ECM components and intracellular proteins as well as mechanical properties [36] ; however, these differences did not seem to have an impact on recellularization. Alternative methods for decellularization, such as freeze-thaw cycles [37] are currently not favored.
Decellularized lung scaffolds show reduced compliance and lower vital capacity [13, 31] , likely secondary to the lack of surfactant and edema after decellularization. Atomic force microscopy has shown micromechanical differences in decellularized scaffolds that may have consequences in the spatial distribution, differentiation and function of lung cells [38] .
In terms of repopulation of lung scaffolds, vascular endothelial cells are delivered through the pulmonary artery or vein, whereas epithelial cells are delivered through the trachea. To achieve re-endothelialization of the pulmonary vasculature, human umbilical vein endothelial cells (HUVECs) [13, 14] and microvascular lung endothelial cells [31] have been used. For re-epithelialization of the airways, different cell lines have been used such as human lung cancer cells (e.g. A549) [13] , rat fetal lung cells [13, 14] and neonatal rat lung epithelial cells [31] . However, when using lung cancer cells as a proof-of-concept experiment, uncontrolled growth obliterated the airways after 6 days. In contrast, rat fetal or neonatal lung cells do not exhibit multilayer, tumor-like growth [13, 14, 31] . The presence of surfactant proteins A and C [13] and prosurfactant proteins B and C [31] have been documented after a few days of in-vitro culture. Negative pressure ventilation during biomimetic culture of repopulated lung scaffolds seems to be beneficial for the survival and differentiation of the epithelium and for the clearance of secretions [31] .
Functionally, regenerated lungs have shown similar gas exchange, compliance and vital capacity when compared with cadaveric lungs [13, 14] , whereas others have found decreased compliance [31] . Regenerated rat lungs have been transplanted in an orthotopic position, showing gas exchange capacity [13, 14, 31] , which was better when compared to pneumonectomized animals [13] . However, lung function was impaired secondary to pulmonary edema after 6 h. On a follow-up report [14] , compliance and oxygenation in bioartificial lungs declined progressively, being no different than pneumonectomized rats 14 days after transplantation.
Recent years have also seen the application of this technology to large scaffolds relevant to human use. Successful decellularization of rabbit [39] , sheep [13, 34] , porcine [13,40 & ,41,42] , nonhuman primate [13, 43, 44] and human [31,40 & ,41,42,45] lungs has been achieved using similar methods. Different cell types have been investigated for the repopulation of scaffolds to create functional bioartificial lungs such as are murine embryonic stem cells (ESCs) [32] , bone marrow-derived stromal cells [33,36,46 & ], mouse C10 lung epithelial cells [36,46 & ], bone marrow-derived MSCs [43] , adiposederived MSCs [43] , human fetal lung cells [40 & ] and primary human alveolar epithelial cells [40 & ]. In general, the ideal candidate cells must be easily isolated from patients, expanded in culture and reseeded into decellularized lung scaffolds showing tissue-specific differentiation [47] ; stem cells may be the ideal source. Recently, iPSC-derived type I and II lung epithelial cells were used to repopulate decellularized rat lung scaffolds and human lung slices [48 && ]; functional outcomes of these constructs were not evaluated.
Finally, whether diseased organs not suitable for transplantation can be used in regenerative strategies remains a relevant question. In rodents, lung scaffolds obtained from older animals and those with induced emphysema or fibrosis can negatively impact the growth and differentiation of cells [46 & ], which may limit the potential pool of donors.
Advances in kidney bioengineering
A very important milestone was achieved in 2013 when the first full report on the regeneration of a rat kidney was published [15 & ]. Decellularized kidney scaffolds were obtained by perfusion-decellularization with a 1% SDS-based protocol, showing preservation of the microarchitecture, particularly the glomerular, Bowman's capsule, and tubular basement membranes. The total number of glomeruli, glomerular diameter, Bowman's space and glomerular capillary surface area were not different when compared with cadaveric kidneys using morphometric analysis [15 & ]. DNA content was reduced to less than 10%, while concentrations of ECM components were similar. Others [49] , have included enzymatic treatment with DNase during the decellularization process of kidneys.
Decellularized kidney scaffolds have been repopulated with HUVECs and rat neonatal kidney cells via the renal artery and ureter, respectively [15 & ]. Cell seeding improved when applying a negative pressure gradient across the scaffolds, instead of positive pressure to the collecting system [15 & ], achieving 70% of recellularized glomeruli. Mouse ESCs have also been used to repopulate wholekidney scaffolds [49] .
On functional testing, vascular resistance was higher in regenerated kidneys when compared with controls [15 & ]. Decellularized kidneys produced nearly twice the volume of filtrate as cadaveric controls, whereas regenerated kidneys produced the least amount [15 & ]. Creatinine clearance in regenerated kidneys was approximately 10% of that seen in cadaveric organs, which could be increased to 23% by increasing the arterial perfusion pressure [15 & ]; albumin retention and glucose reabsorption were approximately 47% of that seen in controls, whereas electrolyte reabsorption was 50%.
Regenerated rat kidneys have been transplanted in an orthotopic position [15 & ], showing production of urine shortly after unclamping of the vasculature. However, they produced a lesser amount of filtrate with higher concentrations of glucose and albumin, and lower concentrations of urea and creatinine when compared with controls [15 & ]. Once again, the technology needs to be scaled up to produce human-sized scaffolds. Kidneys from pigs [15 & ,22,50,51] , nonhuman primates [44, 52] , and humans [15 & ,53 & ] have been decellularized using similar methods. As with other organs, there is interest in assessing whether human kidneys not suitable for transplantation can be used in regenerative applications [53 & ].
Advances in liver bioengineering
Perfusion-decellularization to obtain decellularized liver scaffolds was first reported in 2010 [16, 54] . Rat livers were perfused with SDS and Triton X-100 via the inferior vena cava or the portal vein achieving complete decellularization with preservation of the microarchitecture including the basement membranes and vascular network with retention of collagen type I and IV, fibronectin and laminin. Comparisons of different detergent solutions have been performed in an attempt to identify the best protocol [55] . Efforts to obtain human-sized liver scaffolds have been undertaken using sheep [56] and pigs [57] [58] [59] . Liver scaffolds have been repopulated with primary rat hepatocytes [16] , human fetal hepatocytes cells [58, 59] and human fetal stellate cells [59] via vascular perfusion. Delivered cells were observed to migrate out of the vessels and get distributed throughout the matrix. HUVECs and fetal endothelial cells have been used for re-endothelialization [16, 58] . Additionally, hepatic stem cells have been seeded into decellularized liver matrix showing high engraftment rates and markers of hepatocytic and cholangiocytic differentiation [60] .
Functionally, regenerated livers have shown urea and albumin synthesis capacity [16, 59] ; however, albumin production was approximately 20% that of adult rats [16] . Gene expression of enzymes involved in drug metabolism was similar to parallel hepatocyte sandwich cultures. Regenerated grafts have been transplanted in a heterotopic position in rats demonstrating adequate perfusion and viability of nearly 80% of seeded hepatocytes after a short period of in-vivo perfusion [16] .
CONCLUSION
The use of decellularized scaffolds to bioengineer functional organs is an emerging field that has the potential to overcome the difficulties encountered in allogeneic organ transplantation: donor shortage and immunosuppression. Even though great advances have been made in small animal models, the field is still far from achieving the regeneration of a solid organ with a function similar to cadaveric organs. The same concepts used to bioengineer the organs mentioned above could be applied to produce other organs or tissues such as the esophagus [61] [62] [63] , small bowel [63] [64] [65] , pancreas [66, 67] , trachea [68] , muscle or composite tissue grafts. Research efforts in the coming years should focus on specific goals (Table 1) to standardize the decellularization process, manipulate stem cells as desired, preserve scaffolds and organs, evaluate the immune response and reach the next mile-stone: the transplantation of bioengineered organs in a large animal model.
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